Aim: To determine the histological outcomes when using a highly porous synthetic bone substitute and a cross-linked collagen membrane for lateral bone augmentation of peri-implant dehiscence defects.
| INTRODUCTION
Lateral ridge augmentation aims to compensate resorptive changes after tooth extraction and reconstruct deficient alveolar ridges or regenerate peri-implant dehiscence defects (Donos, Mardas, & Chadha, 2008) . In the simultaneous lateral ridge augmentation approach, guided bone regeneration (GBR) combining different bone replacement grafts and barrier membranes has become the standard of care (Sanz & Vignoletti, 2015) . The most frequently used intervention was the combination of a deproteinized bovine bone mineral (DBBM) with a porcine natural bioabsorbable collagen membrane; this combination is currently considered the standard of care (Sanz-Sanchez, Ortiz-Vigon, Sanz-Martin, Figuero, & Sanz, 2015) .
Many different bone substitutes have been used in GBR based on their properties of biocompatibility, osteoconductivity, mechanical support, porosity, biodegradability, and ability to replace the U.W. Jung and J.K. Cha equally contributed to this study. patient's own bone (Sanz & Vignoletti, 2015) . DBBM has been widely documented as a biomimetic osteoconductive biomaterial with architectures similar to those of human bone, thus creating a microenvironment that supports early vascularization for bone regeneration.
In spite of this excellent characteristic, the potential hazards of using xenogeneic biomaterials have prompted research into a new generation of synthetic bone substitutes (SBS) with similar physicochemical characteristics to natural bone in terms of surface geometry, porosity, and mineral composition (Gholami, Najafi, Mashhadiabbas, Goetz, & Najafi, 2012; Mardas, Chadha, & Donos, 2010) .
Bioabsorbable collagen membranes have also become the standard of care for barrier membranes used in lateral bone augmentation procedures (Sanz-Sanchez et al., 2015) . Native collagen membranes show excellent biocompatibility and ease of clinical handling. Their pattern of bioabsorption has shown to be acceptable for its barrier effect and subsequent bone regeneration (Hammerle, Jung, Yaman, & Lang, 2008; Sculean, Nikolidakis, & Schwarz, 2008) . In spite of these advantages, the degradation period becomes unpredictable in cases of wound dehiscence and early membrane exposure (Owens & Yukna, 2001 ). Moreover, bioabsorbable membranes lack appropriate stiffness and space-maintenance properties, and when placed under the tension of the flap, they tend to collapse (Cornelini, Cangini, Martuscelli, & Wennstrom, 2004; Jung et al., 2003) . With the aims of reinforcing the mechanical strength and extending their resorption time, different chemically based modifications involving cross-linking have been investigated (Friedmann, Dehnhardt, Kleber, & Bernimoulin, 2008; Friedmann et al., 2011; Rothamel et al., 2005; Schwarz et al., 2006) . However, the occurrence of inflammatory reactions during healing has limited the clinical use (Becker et al., 2009; Schwarz et al., 2008) .
It was, therefore, the aim of this preclinical investigation to determine the healing and bone regenerative efficacy for the simultaneous use of an SBS and a cross-linked collagen membrane for lateral bone augmentation compared to a standard GBR treatment (positive control) and a negative control.
| MATERIALS AND METHODS

| Experimental animals and pre-surgical procedures
This investigation was designed in accordance with the modified ARRIVE guidelines for preclinical research based on "3Rs principles" (Table S1 , (Vignoletti & Abrahamsson, 2012) ). The study was carried out at the Experimental Surgical Department of the Minimally Invasive Surgery Centre, Caceres, Spain, after receiving approval from the Regional Ethics Committee for Animal Research. Eight beagle dogs weighing 15-20 kilograms and 6-7 years old were selected (four males and four females), and each received a subcutaneous RFID chip.
The dogs were monitored daily during the entire study procedure by a veterinarian accredited in laboratory animal science. During the experiment, the animals were maintained in a group kennel with indoor and outdoor areas. All animals were observed for 2 weeks prior to the experiment to determine their general health status.
| Experimental materials
A total of 96 cylindrical dental implants (Dentium ® NR line implants; 2.5 in diameter and 7 or 9 mm long) were used. 
| Experimental design
Using a split-mouth design, two groups of surgical procedures were evaluated at early (8-week) and late (16-week) healing periods. In each hemimandible, three peri-implant dehiscence defects were prepared for GBR interventions following the protocol reported recently by (Wessing et al., 2016) . Once these defects were chronified and dental implants were inserted in the narrow residual alveolar ridges, the resulting dehiscence defects were randomly allocated to one of the following treatment groups: 
3.
Negative control group, with no graft and no membrane.
Allocation to the treatment was performed following a computergenerated randomization list (Table S2 ; IBM SPSS Statistics ® V20. (c)
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JM. Domenech) and concealed by means of sealed envelopes until the time of the GBR procedure.
| Surgery 1. Creation of experimental defects for the 16-week group
All surgical procedures were performed under infiltrative local anaesthesia and general anaesthesia induced by propofol (3-5 mg kg
) and maintained on a concentration of 2.5%-4% of isoflurane. The animals were pre-medicated with medetomidine (20 mg kg
i.m.
−1
).
Mucoperiosteal flaps were raised, and the mesial roots of the first molar and fourth premolar and the distal roots of the third premolar and second premolar were extracted carefully. The buccal bone was then removed to experimentally induce a narrow ridge (10 × 10 × 5 mm; Figure 1a ,b). The flaps were repositioned over the resulting ridge and sutured using resorbable sutures. Animals were fed water-softened food for 14 days. Postoperative pain was controlled by administration of morphine (0.2 mg kg
i.m. i.m.
) during 5 days. The same of pre-and post-surgical medication protocol was used in all surgeries.
| Surgery 2. Implant placement and GBR procedure for the 16-week group
After 8 weeks, two implants were placed at each defect in the ideal prosthetic-based position, which led to buccal dehiscence defects ( Figure 1c ). The height and depth of the dehiscence defects were measured with a periodontal probe (Wessing et al., 2016) . After perforating the buccal cortical plate, the three experimental groups were randomly allocated to the defect sites. The bone substitutes were soaked in saline, and the membranes were trimmed to fit the defect. For the test and positive control groups, the defect was filled with a bone substitute (either Osteon III ® or BioOss ® ; Figure 1d ) and then the membrane was adapted over the bone substitute. Similar amounts of bone replacement grafts were applied in both test and positive control group to cover dehiscence defects with the purpose of over-building the bone defect both horizontally and vertically. Both membranes were secured in position by two metal pins (Dentium, Seoul, South Korea) on the buccal side and on the lingual side at 2 mm apical to the top of the bone crest (Figure 1e ). The flaps were subsequently repositioned and sutured.
| Creation of experimental defects for the 8-week group
The same surgical procedure including tooth extraction and removal of the buccal plate was repeated in the other hemimandible.
| Surgery 3
After 8 weeks, the same implant surgery and GBR procedure were performed for the 8-week healing group.
| Euthanasia
After 8 weeks from the third surgery, the dogs were euthanized with a lethal dose of Sodium-Pentothal ® . Tissue blocks were dissected and harvested for histological analysis.
| Histological preparation
In each experimental defect containing two implants, one was used for decalcified sections and the other for ground sections. This study only performed histological analyses of the nondecalcified ground sections. Ground sections were prepared according to methods described by Donath and Breuner (1982) . From each implant site, one buccolingual section representing the central area of the site was F I G U R E 1 Clinical photographs of the experimental procedures.
(a, b) Hemisectioned teeth were extracted carefully, and then, the buccal bone plate of the extraction socket was removed to form a chronic narrow alveolar ridge. Three boxes were prepared for the three groups. (c) After 8 weeks of healing, two implants were placed in each box. Dehiscence defects were induced due to the narrow ridge dimension. (d, e) The defect was augmented with different biomaterials as follows: either synthetic bone substitute (SBS) and cross-linked collagen membrane (CCM) for the test group, or deproteinized bovine bone mineral (DBBM) and non-cross-linked collagen membrane (NCCM) for the positive control group. The hydrated collagen membrane was adapted over the bone substitute
prepared. Microgrinding and polishing were used to about 30 μm, and then, they were stained with Goldner's trichrome.
| Histological analysis
The slides were observed using a light microscope (BX-50, Olympus
Optical, Tokyo, Japan). Histomorphometric measurements were performed with image analysis software programs (Image-Pro Plus, Media Cybernetics, Silver Spring, MD, USA) by two experienced and blinded examiners (U.W.J. and J.K.C.). The following vertical linear measurements were made at the buccal aspect of the implant (Figure 2a ):
1. I-Bc: distance from the implant shoulder to the most-coronal level of the bone crest.
2. I-BIC: distance from the implant shoulder to the most-coronal level of bone-to-implant contact.
The following horizontal linear measurements were also made at the buccal aspect in the direction perpendicular to the long axis of the implant ( Figure 2b ):
1. NBT: newly formed bone thickness at 0, 1, 2, and 3 mm apical to the implant shoulder (designated as NBT-0, -1, -2, and -3, respectively).
AGT: augmented tissue thickness which means the distance from
the implant surface to the underneath of barrier membrane at 0, 1, 2, and 3 mm apical to the implant shoulder (designated as AGT-0, -1, -2, and -3, respectively).
Additionally, the surface areas of newly formed bone (NBA), residual bone material, and fibrovascular tissue were measured within an area of interest (1 mm wide and 3 mm high) from the implant shoulder.
| Statistical analysis
Statistical analysis was performed using the software R (version 3. 
| RESULTS
| Clinical observations
All but one of the dogs were healthy throughout the study period. The single unhealthy animal presented with renal failure at the third surgery, and so only the results for a healing period of 16 weeks could be included in the histological analysis. The dimensions of the dehiscence defects did not differ significantly among the three groups (Table S3 ).
All implants exhibited osseointegration, and the grafted materials healed without any local adverse events including wound dehiscence.
During surgery, the two bone replacement grafts used showed similar wettabilities and handling properties. However, compared with the positive control, the test membrane showed inferior handling properties, being stiffer and lacking elasticity, what made it difficult to closely adapt the membrane to the neighbouring alveolar bone. The use of stabilizing pins achieved the adaption and it did not collapse or wrinkle, thus creating space between the barrier and the bone replacement graft.
| Histological observations and histomorphometric measurements
| Early healing period (8 weeks)
Newly formed bone was observed over the dehiscence defects in both the test and positive control groups (Figure 3a whereas the non-cross-linked collagen membrane was partially resorbed and exhibited larger interstices. In both groups, periosteumlike tissue was formed observed underneath the barrier membrane (Figure 4c,d ). This tissue was characterized by a band of 100-to 00-μm-wide collagen fibres, exhibiting high degrees of cellularity and vascularity.
The histometric results are presented in Table 1 . Vertically, the defect height was smaller in the test group (I-Bc: 1.62 ± 1.04 mm, mean ± SD) than in the positive control group (2.23 ± 0.78 mm), although the difference was not statistically significant (p > .05).
Horizontally, AGT-0, -1, -2, and -3 were significantly greater in the test and positive control groups than in the control group (p < .05).
The NBT was minimal during this healing period (between 0.06 and 0.72 mm in all groups), with no significant differences between the three groups at all levels. Similarly, there were no statistically differences in the percentage of new bone (NBA).
| Late healing period (16 weeks)
Most of the specimens in the test group demonstrated regeneration of dehiscence defects by new bone, resulting in the buccal ridge having a convex contour (Figure 5a ). The osteoclast-like cells were identified adjacent to residual SBSs, suggesting that bone remodelling was still in progress ( Figure 6a ). Only one specimen in the positive control group showed a convex ridge contour, as most of the DBBM particles have migrated to the apical part of the defect (Figure 5b ). These particles were in direct contact with the new bone, which had matured into lamellar bone without any osteoclast activity (Figure 6b ).
The cross-linked collagen membrane retained the layered structure of dense collagen fibres, but it was thinner at 16 weeks compared to 8 weeks due to partial resorption (Figure 6c) . However, the noncross-linked collagen membrane demonstrated greater resorption (Figure 6d ). 
Vertically, the defect height was smaller in the test group (I-Bc:
0.55 ± 0.41 mm) than in the positive and negative control groups (1.40 ± 0.88 and 1.91 ± 1.19 mm, respectively). Horizontally, the AGT was significantly greater in the test group than in the positive control and negative groups at the most-coronal levels (AGT-0, -1 and -2) (e.g. AGT-2 = 2.29 ± 0.70, 1.46 ± 0.59, and 0.00 ± 0.00 mm, respectively). NBT-2 was also significantly greater in the test group than in the positive and negative control groups (1.22 ± 0.53, 0.42 ± 0.51, and 0.36 ± 0.50 mm, respectively).
| DISCUSSION
The results based on healing and histological outcomes have demonstrated the regenerative potential of using highly porous SBS combined with a crossed-linked collagen membrane in GBR for the lateral augmentation of dehiscence defects. In the test group, no clinical complications were observed throughout the experimental period including wound dehiscence. The SBS demonstrated good biocompatibility and osteoconductivity, with an early healing period characterized by the formation of woven bone within this highly porous biomaterial.
The cross-linked collagen membrane maintained its structure during the 16-week period, as was reported in a previous investigation (Cha et al., 2017) , and promoted the formation of a band of periosteum-like tissue underneath the membrane. The lateral bone augmentationboth in terms of the augmented tissue thickness and the new bone thickness-was significantly greater for the tested combination than for positive and negative control groups.
However, the crest profile was convex in all specimens except for one in the test group, in only one specimen in the positive control group, and in none in the negative control group. These differences may be explained by the tendency of DBBM particles to migrate apically, probably due to the space-maintenance ability being better for the cross-linked collagen membrane. The tested membrane maintained its histological structural characteristics until the late healing period, at which time the non-cross-linked membrane had lost almost all of its integrity. A previous study that applied staged lateral bone augmentation in dogs also found that both the volume stability and graft preservation were better when using a cross-linked collagen membrane than a non-cross-linked one (Cha et al., 2017) .
Remnants of the SBS were apparent at the most-coronal level in more than half of the specimens at 8 weeks, thus providing the space for further new bone gain during the later healing period. The ability to maintain the biomaterial within the confines of the treated defect may be attributable to either the barrier membrane used or the defect model tested. In this study, we used a chronic dehiscence defect model that resulted in narrow defects that were only 1 mm deep, which may have limited the stability of the grafted material. Moreover, the dehiscence defects created after implant placement in the present study were relatively small. In acute dehiscence defect models, the defect dimension can be easily standardized, but this model lacks relevance compared to the clinical situation as the amount of self-regeneration can be substantial.
Whenever the SBS or DBBM was maintained within the defects, it showed excellent osteoconductivity. The DBBM demonstrated a very low degree of resorbability, as no osteoclast-like cells were present around the residual DBBM; this is consistent with other studies (Busenlechner et al., 2012; Jensen, Gruber, Buser, & Bosshardt, 2015) .
In contrast, the SBS demonstrated clear signs of resorption and new bone formation. According to recent studies, the physicochemical properties of the biomaterial (e.g. its porosity) may exert more influence on bone formation than its composition . The SBS had a high porosity demonstrating good osteoconductivity with prolonged bone formation at 16 weeks. However, considering the different types of barrier membrane were used, it was impossible to ascertain whether the performance of the bone replacement grafts had a significant impact on the results, and therefore, these results should be interpreted with caution.
Both types of collagen membrane maintained their collagen networks after 8 weeks of healing, while the resorption was more pronounced in the non-cross-linked collagen membrane at 16 weeks.
Despite the difference in bone substitutes, both membranes formed a periosteum-like tissue below the membrane, which may compensate for the loss of barrier function with time. The ideal membrane resorbability has been investigated using various experimental models (Brunel et al., 1996; Owens & Yukna, 2001 ), but the ideal resorption time has not been identified. However, there would be an interaction between resorption and barrier function.
The mechanical properties might be more relevant than the retention period of the membrane for maintaining the bone replacement graft and promoting bone regeneration (Bozkurt et al., 2014) .
The membranes were fixed with pins, which may have helped to maintain the biomaterial within the defect. However, the ability to maintain the horizontal contour of the crest was clearly superior for the test group, which was therefore more resistant to the pressure from the soft tissues during physiological functioning. Further research is needed to clarify the ideal composition of the barrier membrane and the role of the described periosteum-like tissue formed underneath it.
In contrast to the superiority of mechanical properties, the crosslinked collagen membrane showed clinically inferior handling properties. However, when GBR is performed in a large space, such as two or more consecutive peri-implant defect, handling can be easier compared to one single implant site. Therefore, in this case, it can be assumed that the use of cross-linked collagen membrane is more favourable when considering space-maintenance ability and clinical manageability.
Within the limitations of this study, it can be concluded that the combination of highly porous SBS and the cross-linked collagen membrane demonstrated undisturbed wound healing and significantly better histological outcomes in terms of lateral bone augmentation and tissue thickness at 16 weeks, when compared to both the positive and negative control groups. I-Bc, distance from the implant shoulder to the most-coronal level of the bone crest; I-BIC, distance from the implant shoulder to the most-coronal level of bone-to-implant contact; NBT, newly formed bone thickness at 0, 1, 2, and 3 mm apical to the implant shoulder (designated as NBT-0, -1, -2, and -3, respectively); AGT, augmented tissue thickness at 0, 1, 2, and 3 mm apical to the implant shoulder (designated as AGT-0, -1, -2, and -3, respectively); the surface areas of newly formed bone (NBA); residual bone material (RBA), and fibrovascular tissue (FVA) were measured within an area of interest (1 mm wide and 3 mm high) from the implant shoulder. *Significantly different from control group (p < .05). † Significantly different from positive group (p < .05). ‡ Significantly different from 8 weeks (p < .05).
